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The paper concerns the influence of defects states on the open-circuit voltage (Voc) of a semiconductor
photocell illuminated with different light intensity. The measured V,. versus the number of photons
(illumination intensity) curve is compared with the analogous dependence described by the theoretical
model applied. Illumination of a semiconductor leads to a shift of the energy position of the quasi Fermi
level relative to the Fermi level in thermal equilibrium. As the illumination intensity increases, the
energy of the quasi Fermi level of electrons and holes shifts and influences directly the Vi value. The
defects existing inside the band gap contribute adequately to the structure of Ve versus illumination
intensity dependence due to the exchange interaction between free carriers and defect states, which
appears in the case of energy coincidence. Comparison of V.. measured and predicted by the proposed
model for a specific illumination intensity allows the determination of the energy of defect states in the
band gap. The extending defects damping of V. were studied for the p-ZnTe/n-CdTe photocell, and the
results were compared with those obtained for the Si-based photocell. Value of open-circuit voltage was
measured for a sample illuminated by a controlled number of laser photons that appear in bunches. The
structure of Vo versus illumination intensity curve for the ZnTe/CdTe photocell reveals four discrete
defects states related to dislocations and located at the energies 26.6, 43.4, 57.0 and 67.4 meV below

(2022)

the Fermi level at thermal equilibrium.
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1. Introduction

A photovoltaic heterojunction can be formed be-
tween two semiconductors [1-8], which have differ-
ent crystalline and electronic structures and exhibit
different types of conductivity (n and p on opposite
sides). In spite of efforts to make such an interface
as sharp and perfect as possible, it is difficult to
avoid the formation of some lattice defects that re-
lax strains between mismatched crystals, such as
point defects (anti-sites, vacancies) or dislocations.
The appearing lattice defects lead to the formation
of electronic states, strongly modifying the param-
eters of the constructed heterojunction.

In this paper, we further explore the model pro-
posed in [9]. It describes the photo-generation of
an open-circuit voltage (Vi) in a cell, based on
a semiconductor heterojunction. The model uses
the basic parameters describing the materials of the
cell and enables us to estimate the values of V. ex-
pected for such a photocell illuminated by bunches
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of monochromatic photons. In this paper, we con-
sider the influence of defect-related electronic states
on the measured V.. The discrepancy between the
results of experiments and the calculated V. vs il-
lumination dependence allows the derivation of the
energy of defects modifying the properties of the
heterostructure. These include extended defects re-
lated to dislocations, spontaneously formed quan-
tum wells or quantum dots. Such a modification
may be based on an exchange interaction between
free electrons and electrons bound on dislocation
states |6, 7] or other extended defects located in the
junction region. Schroter [8] described these types
of states as deep electronic states appearing at the
extended defects. From these states, electrons could
be exchanged with the conduction band in the pro-
cesses of electron emission and capture. The relation
between the rate of reaching internal equilibrium
and the rates of capture and emission allowed these
defect-related states to be classified as localized or
band-like.
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Fig. 1.

The energy diagram of the n-CdTe/p-ZnTe photocell for moderate illumination intensity

Fipr = kT In(p11/p1o) > kT In(ni1/n1o) [9]. The energy levels are shown relatively to the Fermi level in
thermal equilibrium state. For the case of a moderate illumination, minority holes pi1, pi2 or pis and the
corresponding energy shifts of quasi Fermi levels Fi,1, Fipe or Fips contribute to the measured V. value.
Here, Voc3 indicates a distance of the Fip3/e level from the Fermi level position at thermal equilibrium. Three
quasi Fermi level shifts of electrons (Fin1,2,3) are negligibly small because of high concentration of majority
carriers (electrons) in thermal equilibrium (e.g. nig = 10'%cm ™2 > pip = 10° cm*S).

The obtained results of experiments and model
considerations can be correlated with the results
of deep level transient spectroscopy (DLTS) stud-
ies [10, 11]. For the CdTe/ZnTe junction, the au-
thors revealed, based on the DLTS temperature
dependence spectra, the features attributed to ex-
tended and local defect states. Those states were
related to a trap occurring in the CdTe layer or at
the CdTe/ZnTe interface.

The first part of the paper presents the model [9]
adapted to the case of the CdTe/ZnTe photojunc-
tion illuminated with photons absorbed only in the
CdTe layer. The next part of the paper compares
the related experimental results with the conclu-
sions derived from the presented model.

2. The model

Let us consider the band structure of a junc-
tion of two different semiconductor crystals, i.e.,
n-type CdTe (see Fig. 1, side 1) and p-type ZnTe
(side 2). Both sides have the thermal equilibrium
Fermi level at the energy of F' = 0. The position of
the Fermi level within the energy gap on both sides
of the junction describes the thermal equilibrium
concentration of free electrons and holes, i.e., nig
and pig as well as nog and pog, in the conduction
and valence bands, respectively. Illumination of the
sample increases the concentration of electrons and
holes until a steady state is reached, with the cor-
responding carrier concentrations ni1, p11 and neq,
po1 in these two crystals. The achieved state can be
described in terms of quasi Fermi levels and their
shifts from the F' = 0 energy. The quasi Fermi level
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positions for the side 1 (CdTe) are given as Fip1.2.3,
Fip1, Fipo, Fip3, provided all photons are absorbed
in CdTe (Fig. 1).

The shifts of the quasi Fermi levels (e.g. Fip1 =
ksT In(p11/p10)) correspond to changes in the
chemical potential resulting from the generation
of free carriers under the sample illumination [9].
These energy shifts contribute to the total V. value
corresponding to the created steady state condi-
tions. The contributions of electron and hole to
Voo equal (Fap1 — Fipi)/e and (Fopr — Fipi)/e,
respectively, and so V. is determined by the fol-
lowing sum (Fa,1 — Fini)/e + (Fap1 — Fip1)/e. For
a moderate value of carriers generation, the shifts
of quasi Fermi levels of the majority carriers can
be neglected, and thus V,. can be described by the
formula (Fip1 + Fan1)/e, where Fip1 and Fa,p are
the quasi Fermi level shifts of the minority carri-
ers on both sides of the junction. Moderate genera-
tion of minority carriers, e.g. p11 = 100p1o in CdTe
only (side 1) will be used to model the experimen-
tal results and to derive the relation Vi = Fi,1/e
from open-circuit photovoltage as a function of the
photon energy suitable for the carrier generation in
n-type CdTe.

3. Experimental conditions

The investigated photocell consists of hetero-
junctions of p-ZnTe and n-CdTe. The structure
was grown by molecular beam epitaxy (MBE) in
an ultrahigh vacuum EPI 620 MBE system [12].
The highly I-doped n-CdTe buffer was grown on
a GaAs(100) substrate. It was then covered with
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Fig. 2. The experimental setup used for Vi, versus
light intensity measurements.

a layer of undoped CdTe and subsequently with
N-doped p-ZnTe. Details of the heterostructure fab-
rication process can be found in [12]. In a general
case of photojunction, the hole and electron den-
sities in n-CdTe are 10* < p;p < 10'° cm™2 and
10" < nqg < 10'7 em ™3, respectively.

In the CdTe layers, a high density of dislocations
ranging from 10% to 10 cm~2 was measured [13, 14].
It can be expected that during CdTe layers’ growth
in the photojunction technology procedure, this
concentration value increases and a common elec-
tronic structure of defects can be formed, influenc-
ing its properties.

The sample is illuminated by a monochromatic
laser beam chopped by a shutter into bunches of
photons. The sample illumination intensity is gov-
erned by the shutter opening time (from 0.1667 up
to 3.333 ms). The top layer of the photocell, made of
ZnTe (EZ"® = 2.25 eV), is transparent to photons
with an energy of 1.91 eV applied in the experi-
ment, while these photon bunches are absorbed in
the CdTe layer (hv > Enge =145¢V). As a re-
sult, the concentration of electrons and holes in
the CdTe side of the photocell is assumed to be
proportional to the number of photons in a sin-
gle absorbed bunch, provided that a steady state is
achieved in the heterostructure. The resulting pho-
tovoltage V, is measured in an open circuit config-
uration (Fig. 2).

4. Illumination conditions

If the number of photons in the bunch imping-
ing the sample is B;, the reflection, scattering on
the sample surface and parasitic absorption reduce
the number of photons to B, = rB;. These photons
generate free holes and electrons in the active region
of the photocell with the yield of g. So, the number
of generated electron—hole pairs equals

B = By g. (1)

The number of free electrons and holes gener-
ated in the heterojunction is reduced by the in-
teraction with the environment in the crystal, e.g.
by recombination, trapping, etc. The total yield of
those processes is f, for electrons and f, for holes.
As a result, a steady state is achieved in the il-
luminated system with the concentrations of free
electrons and holes equal to n1; and p11. These are
given, respectively, as
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ni1 = Bf fn7 (2)
and
P11 = Bf fpa (3)

and allow to determine the shifts of the correspond-
ing quasi Fermi levels in the CdTe part of the cell
(side 1). We assume that the coefficients 7, g, fp,
fn are constant for the constant photon energy and
within the applied light intensity range. The analy-
sis of the acquired experimental data will be based
on the assumption that the number of generated
carriers, in particular minority ones, is proportional
to the number of photons in the bunch. This as-
sumption would not be fulfilled if the photons scat-
tered within the surface layer could efficiently gen-
erate additional electron—hole pairs. That may lead
to the bowing of V. with respect to the number of
photons (Fig. 3).

Increasing the number of photons in the bunches
illuminating the sample, we will reach the thresh-
old number of photons B; at which V,. starts
to increase with the increase of illumination in-
tensity. The increase in V,. and the correspond-
ing shift of the quasi Fermi level from 0 up to
60 meV requires a tenfold increase in illumination,

) >kBT1n< )

In(10) x 0.026 eV ~ 60 meV. (4)

Each further increase in the number of pho-
tons by an order of magnitude increases the V.
value by another 60 meV (e.g. 10 Bs ~ 60 meV,
100B, ~ 120 meV, 10008, ~ 180 meV).

Let us estimate the quasi Fermi level shifts of
Fip1 and Fy,, for the n-CdTe sample (side 1), with
the concentration of minority holes p;g = 10 em™3
and the concentration of majority electrons niy =
106 cm~3 under moderate intensity of illumination.
The illumination generates electron-hole pairs with
the concentration of 10 cm™3. Then pi1 = 100 p1g
and for minority carriers we obtain

Fip = ksT In (p“> =

In(100) x 26 meV ~ 120meV,

P1o
while for majority carriers (electrons) mnig
10 em™3 and ny; = (10%¢ + 108) em ™3, we have

1016 + 108
Fipy =1n <1016 (6)

The value of Fy,; for majority carriers can be ne-
glected compared to 120 meV for minority carriers.
In this case, the quasi Fermi level holes Fi,; decide
on the measured open-circuit voltage V.. and its
contribution to the V. illumination intensity de-
pendence curve. The energy shift of the minority
carriers of the quasi Fermi level, Fi,1, is the dom-
inant contribution to the generated V,. value and
other parameters such as Fin1, Fan1, and Fpp can
be neglected.

10B;
B,

P11

P1o

Flpl = kBT In <

()

> x 26 meV ~ 0.
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Fig. 3.

The comparison of the experimental and theoretical V. versus illumination intensity curve for the

p-ZnTe/n-CdTe of photocell [9]. The heterojunction is illuminated from the ZnTe side with photon bunches
of energy hv = 1.91 €V coming from the laser. The ZnTe layer (E; = 2.3 €V) is transparent to the light
and absorbed by the CdTe (E, = 1.45 eV) layer. The red curve presents measured experimental V,. values
for different illumination intensity. The black dashed line presents the Vo values predicted by the model for
different illumination intensity, while the blue curve presents the difference between the experimental and the
model curves. The peaks visible in the lowest curve, as well as the steps on the experimental curve illustrate
the effect of extending defects states influencing the Vi value. The right hand side energy scale indicates the
steps of the quasi Fermi level energy position corresponding to the measured V. values of 26.6, 43.4, 57.0, and
67.4 meV located below the thermal equilibrium Fermi level F' = 0.

5. Experimental results

The measurements reported here were performed
to study Vi as a function of illumination inten-
sity for side 1 of the photocell (n-CdTe/p-ZnTe)
with a moderately small generation of electrons and
holes. The energy of photons hv = 1.9 €V, located
between the ZnTe and CdTe band gap (2.25 and
1.45 eV, respectively), ensured that the light was
absorbed only in the n-CdTe layer. Low illumina-
tion intensity allows neglecting the contribution of
quasi Fermi level shifts F},; related to the majority
carriers to V. under steady state conditions.

The difference between the experimental curve
with particular four steps (red curve in Fig. 3)
and the linear dependence predicted by the model
not taking into account any damping defects states
(black dashed line in Fig. 3) resulted in the low-
est difference curve, which consists of a set of peaks
(blue curve in Fig. 3). The steps observed in the ex-
perimental curve and the related peaks visible in the
difference curve can be understood in terms of the
exchange interaction between free holes in the va-
lence band with extended defect states. This kind
of interaction occurs when the energy position of
the quasi Fermi level approaches the energy posi-
tion of the extended defect states. As a result, the
appearance of four steps on the V. versus illumina-
tion dependence can be treated as caused by damp-
ing the concentration of free holes in the valence
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band, caused by the exchange interaction with the
extended defect states. The free holes will partially
be trapped in extended defect states of dislocation
and partially recombine with electrons.

The bowing of the experimental curve and the
corresponding bowing of the difference curve pre-
sented at the bottom (blue line, Fig. 3) is caused by
photons scattered on the surface, generating addi-
tional electrons and holes contributing to the mea-
sured V. (scattered photons contribution).

Concluding, one can say that scanning of the for-
bidden energy gap by the quasi Fermi level leads
to the activation of particular defect centers, and
that reduces the concentration of free holes (minor-
ity carriers) in the valence band, creates the steps
observed in the experimental V. curve, and leads
to further deviation of V. from the expected linear
dependence, and finally decreases the generated mi-
nority carriers concentration through capture and
recombination with electrons. In a further stage
of illumination, the damping of the concentration
of free holes caused by exchange interaction leads
to the extended defects states saturation and fi-
nally reduces the damping effect to zero. For further
measurements, the V,. versus illumination intensity
curve returns to the previous slope parallel to the
slope predicted by the model. However, the value of
Ve shifts down to a value lower than that predicted
by the model. The described creation of the V. step
can be repeated for the next extended defect states
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Fig. 4. The energy band diagram of the p-ZnTe/n-CdTe photocell showing the energy positions of extended
defect states shown in Fig.3. Four extended defects energy levels are located at 26.6, 43.4, 57.0 and 67.4 meV
below the Fermi level F and correlate with the set of values of holes and related quasi Fermi level energy.

when its energy is reached by the quasi Fermi level
shifted after higher illumination. That will lead to
the creation of the next step in the measured V.
versus illumination intensity curve, which is reached
for higher illumination. In this way, the set of ex-
tended defects states and dislocations can be occu-
pied by minority carriers. This phenomenon leads to
the creation of the obtained four sequential steps in
the V,¢ illumination intensity curve, which is caused
by extended defect states related to dislocations. In
this way, the measured set of four V. steps and
the following step saturations can be linked with
the energy positions of the extended damping de-
fects states. The properties of defects strongly argue
for treating them as a sequence of extended defects
states related to dislocations, which are caused by
the exchange interaction between free holes and the
defect states.

The exchange interaction of free holes with ex-
tended defects states leads to the capture of the
free carriers from the valence band, and it leads to
a corresponding shift of the quasi Fermi level and
the appearance of the step in V. versus illumina-
tion intensity curve. That increases the occupation
of extended defect states and the probability of re-
combination of the carriers. The quasi Fermi level
is pinned to the binding energy of the extended de-
fects states, and the occupation of these states in-
creases up to the saturation state. Summarizing the
process, the free holes concentration is governed by
an increase in recombination and the trapping of
holes in the dislocation-related states until their oc-
cupation is saturated. For the saturated state, when
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the trapping of holes stops, the slope of the V. illu-
mination dependence returns to the previous value
predicted by the model for the perfect heterojunc-
tion. The process repeats when the shifting, due to
increasing illumination intensity, of the quasi Fermi
level approaches the next level of the extended de-
fect states. Then, the next step-like feature in the
Vo illumination intensity curve appears.

The presented model and the corresponding re-
sults of V,. vs illumination intensity measurements
show directly that the photovoltaic effect is strongly
correlated to the change of the concentration of free
minority carriers in the n-CdTe valence band. The
relation V. vs illumination intensity curves allows
to determine the sequence of energy positions of
the four extended defects electronic levels located
in the region close to the thermal equilibrium Fermi
level (see Fig. 4). The presence of electronic states
connected with extended defects in the ZnTe/CdTe
junction was revealed by DLTS and reported in [10].
Three of them were ascribed to the majority hole
traps occurring in CdTe. The DLTS characteristics
of the fourth switched from those of a majority trap
for negative filling pulses to that of a minority trap
for positive filling pulses. Both the majority and
minority trap levels were ascribed to the contin-
uum defect states of band-like or localized char-
acter (in line with the classification proposed by
Schroter [8]), occurring in the absorber layer and
at the CdTe/ZnTe interface. The character of these
two types of states was distinguished by variation
of the DLTS line induced by changing the filling
pulse width. In both cases, the amplitude of the
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DLTS signal exhibited a linear dependence on the
logarithm of the filling pulse width. However, the
maximum of the DLTS feature shifted with the in-
crease of the filling pulse width towards lower tem-
peratures only for the band-like states. The minor-
ity and majority trap levels were located close to
the midgap of CdTe and can be correlated with the
region of sequence of the four states observed in
Voc illumination intensity dependence. In the case of
a high density of defects, the interaction of disloca-
tions of various types with other defects (e.g. point
defects, quantum wells) can modify the sequence of
binding energies of discrete extended defects of the
dislocation origin.

6. Conclusions

The dependence of V. versus illumination inten-
sity was measured for the p-ZnTe/n-CdTe photocell
for moderate illumination conditions. The sample
was illuminated by bunches of monochromatic laser
light of energy 1.91 eV, which was absorbed only in
the n-CdTe layer.

Under the conditions of low illumination inten-
sity, the Fermi level shift of majority carriers (elec-
trons) caused by the increased illumination can be
neglected, so only a shift of minority carriers (holes)
leads to the scanning of the valence band gap by the
quasi Fermi level of n-CdTe. The exchange inter-
action between free carriers and carriers bound on
dislocations is the origin of the observed deviation
of the Vi, versus illumination intensity dependence
from the theoretical linear dependence. The steps
and saturation regions measured in the V. illumi-
nation intensity dependence allows determining the
energies of four extended defects states, which can
be treated as related to the dislocations origin 26.6,
43.4, 57.0 and 67.4 meV, located close to the Fermi
level in thermal equilibrium.

The method used in the study might be promising
to investigate the contribution of quantum structure
effects (quantum defects, quantum wells, quantum
dots) introduced to the interface region of a photo-
junction and influence its properties.
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